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Disordered optical media have seen a growing interest in recent year due to their potential 
applications in solar collectors, random lasers, light confinement and other advanced photonic 
functions. This paper studies the transport of light for different incidence angles in a strongly 
disordered optical medium composed by core–shell TiO2@Silica nanoparticles suspended in 
ethanol solution. A decrease of optical conductance and an increase of absorption near the input 
border are reported when the incidence angle increases. The specular reflection, measured for the 
photons that enter the sample, is lower than the effective internal reflection undergone by the 
coherently backscattered photons in the exact opposite direction, indicating a non-reciprocal 
propagation of light. This study represents a novel approach in order to understand the complex 
physics involved at the phase transition to localization. 
OCIS Codes: 290.4210, 270.5580, 030.5290, 160.4236, 290.1350, 030.1670 
1. INTRODUCTION: 
Anderson localization of light and associated phenomena have 
greatly attracted the attention of researchers in the past few 
decades [1–7]. Localization of light in a three–dimensional (3D) 
system (true Anderson localization) is an open research frontier 
in science that shows prospects of completely new optical 
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phenomena, which might one day result in important photonics 
devices. However, direct observation of localization has shown 
to be difficult and elusive. Instead, we propose a strategy of 
observing the phase transition to localization by means of a set of 
specifically designed experiments. We demonstrate that the 
outcome of these experiments is completely different than 
expected in the diffusive regime and can be explained by the 
onset of localization. Localization (complete halt of transport) in 
3D is extremely difficult to be obtained. The requirement for 
localization is known as the Ioffe–Regel criterion (klT 1) [8], 
where k=2 and lT are the wave number and transport mean 
free path, respectively. However, a criterion for the phase 
transition to localization (klT <x and, x>1) has not been clearly 
established. Notice that in realistic disordered optical media, 
composed of scatterers of size ~, the interaction between 
scatterers (mean spacing < size) may lead to some degree of 
correlations in their positions [9]. The latter would imply that, in 
certain microscopic regions, klT can reach lower values than the 
macroscopic klT value (average) measured experimentally, being 
able to satisfy the strict criterion for localization (klT 1). 
Consequently, both regions with localized and extended modes 
could coexist within a same sample (localization transition). 
Not–Brownian motions (out of equilibrium, sub–diffusive) of 
particles in colloidal suspensions have been previously predicted 
in spatially correlated random potentials [10,11]. 
Although this transition regime has been theoretically predicted 
in disordered electronic systems [12,13], its observation has 
proven elusive in optics, leading to a certain frustration of the 
optics community with respect to further investigations in this 
area [14]. Only very recently, it has been shown, through 
theoretical simulation, that a probable reason for this difficulty 
can be attributed to the type of scatterers used in these previous 
experiments, showing that a core–shell structure could be a 
promising strategy for reaching localization of light in 3D [15]. 
Because of the difficulty in observing directly localization of 
light, it is of paramount importance to discover new experiments 
that are a signature of localization of light. Based on the above 
arguments, we design for the first time a series of transport 
experiments as a function of the incidence angle to show the 
effects of the beginning of the critical regime of localization 
transition. Two scatterer concentrations, one operating in the 
purely diffusive regime [14x1010 NPs ml-1] and one operating in 
the localization transition regime [140x1010 NPs ml-1], were 
studied. Historically, various pioneering experiments that studied 
the transmission of electromagnetic waves through strongly 
disordered optical media have claimed the observation of 
localization of light [16–18]. However, these works were 
questioned firstly by opponents [19,20] and later refuted by their 
authors [21,22]. The inelastic scattering processes (absorption or 
nonlinearity) can lead to a decrease in the photon coherence 
length, hampering the interference effects (localization) [1,23]. 
In fact, according to the theoretical prediction of Sajeev John [1] 
and our previous experimental finding [6,24], an enhanced 
absorption arises when the system approaches localization. In a 
previous work [6], we reported several pieces of experimental 
evidence of localization transition in a strongly disordered 
optical medium composed by core–shell TiO2@Silica 
nanoparticles (NPs) in ethanol solution. By using a Stöber 
method [25,26], TiO2 NPs were coated with a homogeneous 
silica shell of ~40 nm thickness. The silica coating with 
thicknesses around or above 40 nm prevents the “optical” 
junction of the TiO2 scattering surfaces (steric “optical” effect) 
[27], decreasing the near–field coupling that could hamper 
localization [28]. We called this property optical colloidal 
stability [27]. Additionally, the silica shell provides a light–
coupling enhancement with TiO2 scattering cores [29], inertness 
[30,31], and high dispersibility [32–35], which has enabled their 
use in numerous applications [36–38]. Transport experiments in 
this strongly disordered optical medium (TiO2@Silica) showed 
an enhanced absorption when the system approached 
localization, from which an increase of the effective refractive 
index was proposed. This enhancement of absorption and 
refractive index was interpreted as that localized photons interact 
several times with the same particles, molecules or atoms within 
the localized state. The last phenomenon must be more 
pronounced near the input border, due to the increase of 
localization in the vicinity of the sample boundary for an internal 
reflection at the input border >0 as was theoretically predicted by 
Mirlin in disordered electronic media [39,40]. This can be 
understood as that the likelihood of a photon escaping from a 
hypothetical volume with dimensions of the order of the 
localization length should strongly depend on the mean 
reflectivity that photons would suffer at the borders that limit this 
volume. If this hypothetical volume is near the input border and 
the input surface of the sample forms part of this volume, the 
mean reflectivity that photons would suffer at these borders is 
always ≥0. However, for a volume that is completely within the 
scattering medium (away from the input surface), the mean 
reflectivity at the borders that limit this volume is equal to zero. 
The enhancement of the effective refractive index near the 
sample input border (neff0) by localization (successive elastic 
polarization of valence electrons to virtual states) finds a parallel 
in the dynamic barrier proposed by Campagnano and Nazarov 
[41] at the border of a disordered electronic medium. This means 
that the effective refractive index (internal reflection) that the 
localized photons would feel, would be higher than that felt by 
the photons that enter the sample (non–localized photons). 
Thereby, an increase of the incidence angle (internal reflection) 
should force the photons path to be longer (near the input 
border). Consequently, the likelihood of interference (near the 
input border) should increase. This issue was addressed 
theoretically by Ramos and co–workers [42], who demonstrated 
that the presence of a finite barrier (internal reflection) at the 
border provokes an increase of the quantum interference 
(localization increase) in a disordered electronic medium. 
Thereby, a decrease of the optical conductance would be 
expected when the incidence angle (internal reflection) increases. 
Clearly, this effect would only be appreciable if the system is at 
the localization transition such that an appreciable percentage of 
photons are localized, i.e. the density of localized states is 
comparable or higher than that of extended modes. Thereby, an 
increase of the density of localized states (localization increase) 
would provoke an appreciable decrease of the optical 
conductance. Furthermore, the effective refractive index near the 
input border would also be largely enhanced by localization 
itself, inducing an appreciable increase of the internal reflection 
with the incidence angle. For the diffusive regime (classical 
refractive index), there is a very low percentage of coherently 
backscattered photons (previously localized) and low contrast 
between the refractive indexes at the input interface (1.45–1.53 
for silica–sample). Thereby, the internal reflection for the 
photons leaving the sample (coherently backscattered) would 
hardly change with the incidence angle. In the specific case that 
the internal reflection changes appreciably with the incidence 
angle, but the sample is at the purely diffusive regime 
(insignificant percentage of coherently backscattered photons, 
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previously localized), an increase of the density of localized 
states with the internal reflection, would not appreciably affect 
optical conductance either, since the percentage of localized 
states in comparison with extended modes would be 
insignificant. In this paper, experiments of total and inelastic 
transmission, photon cloud propagation, average photon path 
length and absorption near the input border and coherent 
backscattering were performed, demonstrating strong influence 
of the incidence angle over optical conductance, absorption near 
the input border and the enhancement factor and width of the 
backscattering cone for the sample at higher [NPs]=[140x1010 
NPs ml–1]. We demonstrate that the transport of light in the low 
concentration sample behaves insensitive with respect to the 
incidence angle (internal reflection), as expected at diffusive 
regime, while the high concentration sample shows a decrease of 
optical conductance and an increase of absorption near the input 
border. We remark that this anomalous behavior of transport of 
light near the mobility edge with the internal reflection has been 
theoretically predicted by Ramos and co–workers in disordered 
electronic system [42] but never shown in optics. These results 
could open new avenues for the design and manufacture of more 
efficient photonic devices based on strongly disordered optical 
media. For example, texturing of input surface, which increases 
the effective angle of incidence, would enhance notably the 
light–matter interaction (absorption) near the input border. 
 
2. MATERIALS AND METHODS 
Sample preparation 
TiO2@Silica NPs with a homogeneous silica shell of 40 nm 
thickness, synthesized by an improved strobe method [25,26], 
were dispersed in ethanol solution at [140x1010 NPs ml-1]. For 
comparison, a sample with lower [NPs] in the diffusive regime 
[14 x1010 NPs ml-1] [6] was also prepared. 
Transmission experiment 
For all experiments, a CW He-Ne laser, model Uniphase 1125P 
(10 mW, 633 nm), linearly polarized with polarization 
perpendicular to the incidence plane, was used. Total 
transmission is measured with an integrating sphere placed in 
contact with the back of the sample (fused silica cuvette). The 
laser spot size on the cell was <0.5 mm. The laser beam´s (He–
Ne) incidence angles are 0º, 30º, 60º and 70º with regard to the 
normal of the cuvette, which correspond to incidence angles into 
the sample of 0º (0 mrad), 19.07º (333 mrad), 34.47º (600 mrad) 
and 37.89º (661 mrad), respectively. The reflection coefficients 
at the interface air–silica for incidence angles of 0º, 30º, 60º and 
70º, are ~3.5%, ~5%, ~16% and ~28%, respectively. The 
specular reflection, measured at the interface silica–sample, was 
less than 1% for all incidence angles (negligible). For the 
experimental setup, see figure S1 of the supplementary material. 
The transmission coefficient (T(d)) is defined as the ratio 
between total transmitted flux and the incident flux and it was 
determined as a function of slab thickness (d) (Fig.1a).  
Propagation experiment 
The intensity profile I(x,y) of a probe beam (He–Ne laser) was 
measured for each incidence angle after propagating a distance 
d≈2.3 mm through the scattering medium. A CCD camera 
collected the image of the photon cloud at the sample output 
face. The diameter of the input probe beam is <100 m full-
width at half-maximum (FWHM). In order to obtain meaningful 
statistics, a total of 30 images, collected for different input points 
and intensities, were recorded for each incidence angle . For 
each incidence angle, the incident intensity entering the sample 
was corrected by the reflection coefficient at the air–silica 
interface (light entering the cuvette), which is ~3.5%, ~5%, 
~16% and ~28% for 0º, 30º, 60º and 70º, respectively. For 
comparison, the propagation experiment was also performed for 
a sample with lower [NPs]=[14x1010 NPs ml-1] in the diffusive 
regime [6]. The experimental setup for the propagation 
experiment can be found in figure S2a of the supplementary 
material. 
Absorption experiments 
The macroscopic absorption length (lMA) was determined from 
the exponential decay of the transmitted intensity ITC 
exp(−d/lMA) for large d using a very small solid detection angle 
(for experimental setup, see figure S3a in the supplementary 
material). In order to measure the average photon path length 
(leO) and absorption near the input border as a function of the 
incidence angle, the incident light, reflected by the samples, was 
measured with and without dye (Nile blue) [27,43,44]. The Nile 
blue (NIb) concentration is 1.5x10-4M, which corresponds to a 
microscopic absorption length la(Nib)≈335 m for 633 nm. We 
designated the ratio between the intensities reflected by the 
scattering medium with and without dye as the fraction of 
absorbed pumping (FAP). For this dye concentration, the 
macroscopic absorption length is lMA(dye) ≤10 m. From the FAP 
measurements we can estimate the behavior of the average 
photon path length before being reflected or backscattered (leO) 
and the absorption near the input border (≤10 m depth) when 
the incidence angle is increased. For the experimental setup see 
figure S3f in the supporting material. 
Backscattering experiment 
For the measurement of coherent backscattering, the sample is 
illuminated through a beam splitter that reflects 50% of the laser 
intensity and with a perpendicular polarization to the incidence 
plane. The light backscattered is collimated by a lens L3 (25 mm 
focal length) and a CCD collects it. For the experimental setups, 
see figure S4 in the supplementary material. 
 
3. RESULTS AND DISCUSSION  
Transmission experiment 
In order to study the transport of light as a function of the 
incidence angle, the transmission coefficient (T(d)) was 
determined for incidence angles () of 0º, 30º, 60º and 70º with 
regard to normal incidence. Figure 1a shows T(d;) as a function 
of slab thickness d for  equal to 0º, 30º, 60º and 70º. T(d;) can 
be fitted with a quadratic decay for all incidence angles 
T(d;)(d0+d)−2, which would indicate localization transition 
[2,6,12]. d0 is an experimental parameter introduced by 
Lagendijk and co–workers [45]. Owing to the light reflection at 
the interface air–silica (polarization perpendicular to incident 
plane), T(d;) tends to present different values for depth d=0 
(T(0;)), showing lower T(0;) values for incidence angles of 
60º and 70º. The T(d;) experimental points were corrected by 
scaling with the reflection coefficients at the interface air–silica 
measured for each incidence angle. After T(d;) correction for 
reflection at the interface air–silica, we extracted the derivative of 
(T(d;))−, (T(d;))−/(d), from T(d;)= (d0+d)− fittings for 
each incidence angle. For negligible absorption, the transport 
mean free path (lT(d;)) is proportional to the inverse of the 
above derivative, (T(d;))−/(d)lT(d;)−. In figure 1b, the 
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ratio: (T(d;))−/(d)/(T(d;0))−/(d), which we denote as 
relative conductance with regard to the normal incidence 
(G(d;)), is plotted as a function of slab thickness. Notice that for 
negligible absorption, G(d;) would represent effectively the 
inverse of the normalized conductance with regard to the normal 
incidence, since the conductance is proportional to the transport 
mean free path. For very large d→∞, G(d→∞;) tends to be an 
asymptotic value different for each incidence angle. This 
asymptotic value (G(∞;)) increases as the incidence angle is 
increased. Figure 1c shows the G(∞;) increase when the 
incidence angle is increased. This fact might be explained 
through an increase of the internal reflection as the incidence 
angle is increased, which in turn, would lead to an increase of the 
density of localized states near the input border (superficial 
localized states) [42], i.e. an increase of localization near the 
input border. Notice that for a perpendicular polarization with 
respect to the incidence plane, the internal reflection increases 
continually as the incidence angle increases. Consequently, those 
photons with perpendicular polarization with regard to the 
incidence plane would be localized preferably (near the input 
surface) when the incidence angle is increased (θ>0º). 
 
Figure 1. For sample [140x1010 NPs ml–1], transmitted total intensity vs incidence angle. a) Transmission coefficient for incidence angles  of: 0º, 30º, 60º 
and 70º as a function of slab thickness (d). The black, red, blue and green dotted lines represent the fitting (d0+d)
− with experimental points for 0º, 30º, 60º and 
70º, respectively. b) Relative conductance G(d;) as a function of d, c) Asymptotic values of relative conductance G(∞;) as a function of the incidence angle. 
From the above result, a decrease of optical conductance is 
inferred as the incidence angle is increased. Nevertheless, we 
must highlight that the data could be potentially affected by 
absorption, which would yield an inaccurate relative 
conductance, G(∞;). Additionally, although we have carefully 
measured the residual stray light, the T(d;θ) values, extrapolated 
for large d by fitting, could be lightly spoiled by it. Therefore, in 
order to corroborate the above results (extrapolation for large d), 
an additional experiment of propagation was performed. 
Propagation experiment 
The intensity profile of a Gaussian probe beam was collected for 
each incidence angle after propagating a distance d2.3 mm 
through the sample. In order to corroborate the asymptotic 
values of the relative conductance G(∞;), determined by 
extrapolation from the transmission experiment, the integrated 
intensity profiles (I()=I(x,y)xy) were determined for each 
incidence angle . I() values were corrected by the reflection at 
the input interface air–silica. In figure 2a, I(0)/I() ratios, which 
would represent the relative conductance G(∞;) for a negligible 
absorption, are plotted as a function of the incidence angle. 
G(∞;) shows a similar behavior to that extracted from the total 
transmission experiment. For incidence angles of 0º, 30º, 60º and 
70º, normalized intensity profiles are displayed in figure 2d, 2e, 
2f and 2g, respectively. The intensity profiles are not Gaussian; 
they could be fitted with a exp(−2(r/))+ function, where r is 
the radial distance of the beam center and 0<<1. Notice that the 
exp(−2(r/))+ function represents the overlap of the 
Gaussian and Poisson distributions, which is consistent with the 
localization transition regime (localized and extend modes 
coexisting). Notice that at localization, strong photon correlation 
at (x,y,d)  emerges [40,46]. Therefore, photons from different 
points of the scattering medium must be strongly uncorrelated 
(Poisson law).  
For the incidence angles of 60º and 70º, the intensity (profile) 
decreases more quickly for large r (red arrows pointing in figure 
2f and 2g; 60º and 70º) and, for r near zero (cusp) the intensity 
profile adopts an acute form (discontinuous derivative), i.e. the 
intensity profile adopts a triangular shape. This effect could be 
caused by an increase of absorption near the input border when 
the incidence angle is increased, which in turn, would be 
originated by an increase of the density of superficial localized 
states. Notice that, the intensity for large r must represent those 
photons with longer paths, which would be those photons 
previously localized near the input border since localization must 
increase near the input border [39,40]. For each incidence angle, 
the confinement of the beam at the output plane is quantified by 
the inverse participation ratio: 
P  I(x,y)xyI(x,y) xy = 1I(r)rI(r)r, 
which has units of inverse area, and an effective width eff 
=(P) −. Figure 2b (left) shows the effective width as a function 
of the incidence angle, revealing an eff decrease as the 
incidence angle is increased above 30º. Figure 2b (right) shows 
the relative effective width with regard to the normal incidence, 
eff(0)/eff() (normalized width). For 30º, ωeff decreases less 
than 1%, which is within the measurement error. However, a 
significant ωeff decrease is observed for 60º and 70º. This ωeff 
decrease is associated to the quicker decay of the intensity profile 
at large r when the incidence angle is increased. For a negligible 
absorption, ωeff is proportional to the conductance at large depth 
(2.3 mm). Therefore, if eff(0)/eff(30º)1, then for 30º and 
large depth→ (2.3 mm), the conductance eff(30º) should be 
equal to the conductance for 0º eff(0º). Thus, let us introduce the 
following conjecture: For an incidence angle , the conductance 
for large depth, eff(), should correspond to the conductance at 
0º, i.e. eff()=eff(0º). This would imply that, for a negligible 
absorption (non–inelastic scattering), the conductance for large 
depth, ωeff, should not change as a function of the incidence 
angle, i.e. the density of localized states away from input border 
must be insensitive to the incidence angle. Moreover, a ωeff 
decrease with the incidence angle would be directly related to an 
appreciable increase of the losses of light (absorption) near the 
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input border, which would be caused by an increase of 
localization near the input border (increases of the light–matter 
interaction). This can be interpreted as that, for a negligible 
absorption, an increase of the density of superficial localized 
states (increases of localization near the input border), when the 
incidence angle is increased, would induce an increase of the 
total density of localized states throughout of the sample. 
However, the density of localized states for large depth (away 
from the input border) must remain unaltered. Notice that for 
large depths→, the influence of the input surface (internal 
reflection) becomes insignificant. 
 
Figure 2. Measurement of intensity profiles at the sample output face. a) For 140x1010 NPs ml-1 (localization) and 14x1010 NPs ml-1 (diffusive regime), 
G(∞;)=I(0)/I() vs incidence angle, . b) For 140x1010 NPs ml-1, (left–red) eff and (right–black) the relative effective width (normalized width) vs incidence 
angle. c) For 14x1010 NPs ml-1 (diffusive), (left–red) eff and (right–black) the relative effective width (normalized width) are also plotted as a function of the 
incidence angle. The error bars are the statistic standard deviation of relative intensity and effective width (eff). For 140x10
10 NPs ml-1 (localization), 
normalized intensity profiles for incidence angles of: d) 0º, e) 30º, f) 60º, and g) 70º. Red arrows pointing quicker decay for large r. The intensity profiles are fitted 
to exp(−2(r/))+ (red solid lines), where 0<<1. 
 
For comparison, the propagation experiment was also performed 
for a sample in the diffusive regime with lower [NPs]=[14x1010 
NPs ml-1] [6]. Figure 2a (open square) and 2c reveal, as 
expected, that both the integrated intensity (I()) and effective 
width (ωeff), respectively, are insensitive to the incidence angle. 
Absorption experiments 
From the latter results an increase of absorption near the input 
border was proposed. In order to estimate the influence of the 
incidence angle on absorption, the transmitted intensity (ITC(d;)) 
was measured as a function of slab thickness for large d 
(between 100 m and 400 m) using a very small solid 
detection angle. The macroscopic absorption length (lMA) can be 
determined from the inverse slope (log scale) of the exponential 
decay exp(−d/lMA) [45]. An lMA104 ±2 m was found for all 
incidence angles, revealing that lMA for large d (away from the 
input border) is insensitive to the incidence angle. This latter can 
be interpreted as that the light–matter interaction away from 
input border remain unaltered when the incidence angle 
increases. In order to estimate the dependence of the 
conductance and absorption near the input border with the 
incidence angle, FAP measurements were performed as a 
function of the incidence angle. For the dye concentration used 
in this experiment 1.5x10-4M, an effective macroscopic 
absorption length lMA(dye) ≤10 m is estimated. Thereby, the 
absorption of reflected light should come from a layer (near the 
input surface) with thickness shallower than 10 m 
(supplementary material). From the FAP values, we can 
estimate the average photon path length (leO) inside the scattering 
medium before being backscattered leOla(NIB)ln(FAP) 
[27,43,44], which would yield us an estimative of the increase of 
light confinement near the input border (≤10 m depth). An 
increase of the FAP value is observed as the incidence angle is 
increased (figure S3g supplementary material), reveling an 
increase of leO and absorption near the input border as the 
incidence angle is increased. The latter can be understood as that, 
an increase in the incidence angle provokes an increase in the 
density of superficial localized states by the increase of the 
internal reflection [42]. In turn, an increase in the density of 
superficial localized states leads to an increase of the light–matter 
interaction [1,6], which would result in an increase of absorption 
((lIn0)−) and refractive index (neff0) near the input border. Of 
course, lIn0 must be still longer than the microscopic coherence 
length, Coh ≤ lIn0, for the absorption not to dominate the 
localization phenomenon. For comparison, FAP measurements 
were also performed for a sample in the diffusive regime with 
lower [NPs]=[14x1010 NPs ml-1] [6], reveling that the FAP value 
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is insensitive to the incidence angle (supplementary material, 
figure 3Sg). 
In the above experiments, we show a decrease of transmitted 
intensity and infer an increase of localization and absorption near 
the input border as the incidence angle is increased. This fact 
was associated to an increase of the density of localized states 
near the input surface, which in turn was attributed to a large 
increase of the internal reflection (input border) felt by the 
coherently backscattered photons (previously localized), due to 
the enhancement of the effective refractive index near the input 
border. Therefore, the determination of this internal reflection, as 
a function of the incidence angle, becomes imperative in order to 
confirm our hypothesis. 
Backscattering experiment 
In order to determine experimentally the effective internal 
reflection, felt by the coherently backscattered photons (IR), the 
intensity of backscattering cone was measured as a function of 
the incidence angle. Figure 3a, 3b, 3c and 3d show the 
backscattering cone for incidence angles of 0º (0 mrad), 30º (524 
mrad), 60º (1047 mrad) and 70º (1222 mrad), respectively. The 
specular reflection measured at the interface silica–sample for 
the photons that enter the sample is <1% for all incidence angles. 
From the intensity of the backscattering cone, we extracted the 
effective internal reflection felt by the coherently backscattered 
photons (previously localized) at the interface sample–silica 
(photons coming out the sample). Notice that the backscattering 
cone must represent those photons previously localized. 
 
Figure 3. For [140x1010 NPs ml-1] (localization regime), coherent backscattering cones for incidence angles of: a) 0º, b) 30º, c) 60º and d) 70º. The red solid 
lines represent the background intensity (incoherently backscattered photons) taking into account the internal reflection at the interface silica–air (light coming out 
of the cuvette). The coherent backscattering cones obtained by subtraction of the background intensity are shown below each graph. e) (left–red) ICBC and (right–
black) IR (%) as a function of the incidence angle. f) (left–red) half width of backscattering cone and (right–black) lT0 as a function of IR (%). g) (left–red) 
asymptotic values of relative conductance (G(;)), extracted from the transmission and propagation experiments, and (right–black) enhancement factor of 
backscattering cone as a function of IR (%). The black dotted lines at f) and g) represent linear fittings with the experimental points. Error bars correspond to the 
standard deviation of the intensity of the backscattering cone (ICBC) and the calculated IR (%). 
The background intensity, represented by the red solid lines 
(figure 3a–d), was determined by calculating the internal 
reflection (Fresnel’s equations) for the incoherently 
backscattered photons at the interface silica–air (supplementary 
material). The internal reflection at the interface sample–silica 
must be negligible for the incoherently backscattered photons 
(<1%), since the refractive indexes of sample and silica felt by 
these photons would be very close (1.53 and 1.45). The intensity 
of backscattered light was scaled by the reflection coefficients at 
the input interface air–silica (light entering the cuvette), which 
are ~3.5%, ~5%, ~16% and ~28% for 0º, 30º, 60º and 70º, 
respectively. The intensities of the backscattering cones were 
also rescaled by the internal reflection at the silica–air interface 
(photons coming out of the cuvette in the exact opposite 
direction).Figure 3e (left–red) shows the intensity of 
backscattering cone (ICBC) and (right–black) IR (%) as a function 
of the incidence angle. We calculated IR for each incidence 
angle, IR(), by the expression IR()=1−ICBC()/I*CBC, where 
ICBC() and I*CBC are the intensity of backscattering cone 
measured for each incidence angle  and the ideal intensity for 
null internal reflection, respectively. The internal reflection for 
the coherently backscattered photons at normal incidence 
(IR(0º)≈3%) was determined considering an effective refractive 
index for depth≈0 of ~2 (supplementary material) [6]. From 
IR(0º)≈3%, we can determine 𝐼CBC
∗  and, consequently, IR() for 
the other incidence angles. IR() values, determined for  of 0º, 
30º, 60º and 70º are 3%, 20%, 45% and 65%, respectively, 
which are considerably higher than the specular reflection 
measured for the photons that enter the sample (<1%) in the 
exact opposite direction. This indicates a non–reciprocal 
propagation of light, i.e. mirror–symmetry (parity symmetry) 
breaking. Notice that this large increase in the internal reflection 
 
7 
undergone by the photons leaving the sample (coherently 
backscattered) would only be possible if the effective refractive 
index is largely enhanced. For a classical refractive index (1.53), 
the internal reflection for the photons leaving the sample 
(sample–silica interface) would be <1% for both polarizations 
and all incidence angles. We remark that absorption cannot 
cause such a decrease of the intensity of the backscattering cone, 
since the intensity decrease for the backscattered light with dye 
(absorption experiment near the input border, lMA(dye) ≤10 m) 
for 0º and 70º is 10% and 32%, respectively. Therefore, without 
dye (lMA104 m10lMA(dye)), the intensity losses (by 
absorption) of backscattered light should be considerably lower 
(<3%) for all incidence angles, which is within the measurement 
error. A few pioneering theoretical and experimental studies 
have addressed the mirror–symmetry breaking in photonic 
crystal cavities [47–49], however, no experimental evidence has 
been reported to date in a three–dimensional (3D) disordered 
optical medium. This phenomenon can be understood as that the 
photons that enter the sample feel a classical refractive index, but 
once they are localized; these photons feel an enhanced 
refractive index due to the successive elastic polarization of 
valence electrons to virtual states within the localized states. 
Figure 3f shows (left–red) the half width of backscattering cone 
and (right–black) the transport mean free path (lT0), extracted by 
the half angle of backscattering cone [50], as a function of IR 
(%). The width of backscattering cone increases monotonically 
as the incidence angle is increased, which is different to what is 
expected for a classical diffusive medium where lT0 is insensitive 
to the incidence angle. lT0 shows a decrease as IR increases, 
tending to be zero for IR →100%. A simple model for the 
internal reflection was taken into account for lT0 correction 
(supplementary material) [51,52]. lT0 values range from ~0.85 
m down to 0.3 m, which represent klT~3–8>1. Note that klT~1 
[8] is a general theoretical criterion for a complete halt of 
transport (complete localization). However, a clear criterion (klT) 
is lacking for the critical regime of localization transition. This is 
particularly true in a disordered optical medium composed of a 
colloidal suspension (TiO2@Silica NPs), where the interaction 
between scatterers (repulsion) due to the electric field 
(−potential=−75 mV) provided by the silica shell [53] can lead 
to certain correlations in scatterers positions. For a filling fraction 
of 10.6% ([140x1010 NPs ml-1]), the mean separation between 
the scatterers is smaller than their size, which implies a strong 
interaction between the scatterers. Additionally, the repulsive 
force between the particles and its length range depends strongly 
on their size, whose polydispersity is 25%. In this way, an 
inhomogeneous distribution of scatterer positions should emerge 
at microscopic scale, leading to micrometric regions with klT 
values that are lower and other regions with higher values than 
the averaged klT value determined experimentally. Thereby, 
owing to the inhomogeneity at microscopic scale, localized and 
extended modes, coming from different regions with klT values 
lower and higher than unity, respectively, can coexist in a same 
sample. This picture is what we have called in our previous 
works as the localization transition regime [6,7,24,43,54]. In this 
way, the average klT value, extracted from the coherent 
backscattering experiment, would not provide a definitive 
criterion for the critical phase of localization transition. 
Furthermore, an abrupt phase transition from diffusive to 
localization regime, when scatteres concentration is increased 
(disorder increase), would be highly improbable, since for a 
realistic sample with scatterers highly concentrated and strong 
correlations in the scatterers positions klT should cease to be 
homogeneous at microscopic scale. 
Figure 3g (left–red) shows G(;) values, determined from 
transmission and propagation experiments, and (right–black) the 
enhancement factor of backscattering cone as a function of IR 
(%). Notice that the enhancement factor tends to be 1 for IR 
→100%, which was to be expected. These values of 
enhancement factor are considerably lower than expected for a 
linearly polarized probe beam (1.8). This effect can be 
explained by: i) the effective refractive index felt by the 
coherently backscattered photons (previously localized) is 
considerably higher than that felt by the incoherently 
backscattered photons (non–localized photons), which leads to a 
higher internal reflection for the coherently backscattered 
photons; ii) the percentage of coherently backscattered photons 
with orthogonal polarization with regard to the original 
polarization could increase as the incidence angle is increased. 
We do not have a clear interpretation for this possible change of 
polarization. This could be explained by an anomalous nonlinear 
increase of refractive index, due to the intensity increasing 
(energy increase) within the localized states during the residence 
time of localized photons [43]. The latter would give rise to a 
phase shift that continuously increases during the photon 
residence time (eO). This phase accumulation can lead to 
interference breaking, emitting photons away from the localized 
state. This nonlinear increase of the refractive index in a 
localized state (closed loop path) would provoke an elliptic 
polarization, much like the Pockels effect. A similar nonlinear 
phenomenon was theoretically addressed by Buttiker and 
Moskalets (disordered electronic media) [55], who proposed that 
when the energy of the localized state changes, the localized 
state can emit non–equilibrium electrons and holes propagating 
away from the localized state within the edge state which acts 
similar to a waveguide. A detailed polarization study of the 
backscattering cone is called for, in order to determine the 
polarization of the coherently backscattered photons and its 
relationship with the incidence angle. The increase of 
localization with incidence angle near the input border could be 
also interpreted as that photons from superficial localized states 
that would be emitted by nonlinear effects (non–equilibrium) 
[43,55] can be again trapped in another superficial localized 
state, due to the increase of internal reflection. This latter implies 
in that the density and residence time (Q factor) of superficial 
localized states would increase as internal reflection (incidence 
angle) increases, which can be inferred from the theoretical 
predictions of Mirlin [39,40] and Ramos and co–workers [42] in 
disordered electronic media. Notice that an increase of the 
internal reflection with incidence angle would be remarkable, 
mainly for the coherently backscattered photons (previously 
localized), due to the enhanced refractive index that these 
photons would feel. For the incoherently backscattered photons, 
this effect would be considerably lower, since such photons 
would feel a classical refractive index. This means that the strong 
influence of the incidence angle over localization near the input 
border (conductance, absorption, refractive index), inferred from 
the above experiments, would only be appreciable if the 
percentage of localized photons is high (system is at localization 
transition), such that the conductance is strongly dependent on 
the density of localized states. Moreover, the effective refractive 
index would be largely enhanced near the input border, which in 
turn, would lead to an internal reflection strongly dependent on 
the incidence angle. In the diffusive regime, the conductance, 
absorption and refractive index near the input border are 
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insensitive to the incidence angle. From the above results and 
ideas, we could infer that the dependence of the transmitted 
intensity (conductance) with the incidence angle can be 
described through the transport of light near the input border. 
The latter could be interpreted as the dependence of the light 
transport with the incidence angle being determined by the 
superficial localized states. Notice that, away from the input 
border, the mean reflection at the border of a hypothetical 
volume with dimensions around the localization length, (L) 
would remain unchanged, equal to zero, as the incidence angle is 
increased. Thereby, the density of localized states (away from 
the input border) should remain unaltered. We remark that the 
above experimental results contradict the theoretical prediction 
of Skipetrov and van Tiggelen [56] that concluded that there is a 
decrease of localization near the border. Their conclusion is a 
result of the assumption that near the boundaries the waves could 
easily escape from the sample, reducing the probability of 
interference effects. However, we think that the important 
parameter for analyzing should not be the whole sample volume, 
but a volume with dimensions around the localization length, L, 
where the photons are localized. Thereby, the probability to 
escape from a hypothetical volume (L dimensions) located 
completely within the sample would be higher than from a 
superficial hypothetical volume where the input surface forms 
part of this volume, since the internal reflection at the borders of 
a hypothetical volume completely within the sample is always 
equal to zero. 
 
4. CONCLUSION 
Core–shell TiO2@Silica nanoparticles at [140x1010 NPs ml-1] in 
an ethanol solution allowed us to study the strong influence of 
the incidence angle on the transport of light at localization 
transition. We remark that, owing to the scatterers interaction 
(mean spacing < size) and its size dependence, an 
inhomogeneous scatterers distribution at microscopic scale 
should emerge, which can sustain the critical regime of 
localization transition (Localized and extended modes 
coexisting). A decrease of conductance (localization increase) 
and an increase of absorption are reported near the input border 
as the incidence angle is increased. We remark that the values of 
relative conductance for 60º and 70º, extracted from above 
experiments, could be potentially affected by absorption, which 
would yield inaccurate values. The measurement of the intensity 
of the backscattering cone allowed us to determine the effective 
internal reflection felt by the coherently backscattered photons. 
From the experimental results, we inferred that an increase of the 
internal reflection (incidence angle) must provoke an increase of 
the density and residence time (Q factor) of superficial localized 
states, which is reflected in an increase of localization and 
absorption near the input border. The specular reflection at the 
interface silica–sample, measured for the photons that enter the 
sample, is considerably lower than the effective internal 
reflection determined for the coherently backscattered photons in 
the exact opposite direction, which indicates a breaking of the 
mirror–symmetry (parity symmetry). This latter opens a way to 
manufacture an all–optical diode. The results shown in this work 
could present important technological applications. For example, 
the texturing of input surface (increase of the effective incidence 
angle), which must lead to an enhancement of localization and 
absorption near the input border, could open an avenue for the 
design and development of photonic devices based in strongly 
disordered optical media. 
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6.  
7. APPENDIX: SUPPLEMENTARY MATERIAL 
Materials 
Ethanol alcohol HPLC with spectroscopic grade purity was 
supplied by MERCK, tetra-ethyl-ortho-silicate (TEOS) was 
supplied by Sigma–Aldrich, and the ammonia P.A. was supplied 
by MERCK. The titanium dioxide (TiO2) with a rutile crystal 
structure was acquired from DuPont Inc. (R900). The TiO2 
grains have an average particle diameter of 410nm with a 
polydispersity of 25%. TiO2 nanoparticles were coated with a 
silica shell of ~40 nm thickness via the Stöber method. In the 
first stage, 5 g of TiO2 Nps were dispersed in 500 ml of absolute 
ethanol. This suspension was placed in an ultrasound bath for 20 
minutes to disperse the particles and 6.67 mL of ammonia and 
10 mL of TEOS were added. The TEOS and commercial 
ammonia (NH4OH 28%-30%) were added alternately in 100 
portions of 100 μl and 220 μl, respectively. The synthesized 
TiO2@Silica nanoparticle suspension was rota–evaporated, 
dried in an oven at 70 °C for 2 h, and re–dispersed in ethanol at 
140x1010 Nps ml-1, equivalent to a filling fraction of 10.6 %. 
Another sample with lower NPs concentration 14 x1010 Nps ml-
1 (diffusive regime) was also prepared. The −potential value of 
the core−shell TiO2@Silica NPs dispersed in ethanol, calculated 
from the electrophoretic mobility using the Henry´s 
approximation, was − mV, which implies an appreciable and 
long–range repulsive forces between scatterers.  
Measurement of transmission coefficient 
In order to study the transmitted total intensity for incidence 
angles of 0º, 30º, 60º and 70º, the transmission coefficient was 
measured as a function of slab thickness for each incidence 
angle.  The transmission coefficient is defined as the ratio 
between the total transmitted flux and the incident flux. The 
transmitted total intensity is measured with an integrating sphere 
placed in contact with the back of the cell. Figure S1a shows the 
schematic diagram of this experimental setup. A laser beam 
(He–Ne, 633nm) was passed through a positive lens L1 (200 
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mm focal length), in order to obtain the focus with its waist near 
the pinhole PH (600μm diameter). Another lens, L2 (50 mm 
focal length), was positioned 150 mm away from PH, in order to 
focus the beam on the cell, FF. The spot size on the input face of 
the sample is less than 0.5mm. The signal was collected through 
a multimode optical fiber (200 μm), coupled to a spectrometer 
HR4000 UV-VIS (Ocean Optics) with a 0.36 nm spectral 
resolution (FWHM). A study of the transmission coefficient for 
incidence angles  of 0º, 30º, 60º and 70º was performed as a 
function of slab thickness d. The beam polarization is 
perpendicular to the incident plane. The reflection coefficients at 
the air–silica interface for incidence angles of 0º, 30º, 60º and 
70º, are ~3.5%, ~5%, ~16% and ~28%, respectively. The 
specular reflection, measured at the silica–sample interface, was 
less than 1% for all incidence angles. The transmission 
coefficient (T(d;)) can be fitted with a (d0+d)− function for all 
incidence angles and, for normal incidence, it tends to be 0.45 
at d=0. This effect can be explained through two factors: i) the 
internal reflection at the output air–silica interface (cuvette), ii) 
the light collection geometry of the integrating sphere. Notice 
that the scattering medium is contained in a fused silica cell. 
Thereby, an important part of transmitted light is reflected at the 
silica–air output interface. Additionally, the distance from the 
sample-silica interface to the entrance aperture of integrating 
sphere is 6–6.5 mm and, the diameter of entrance aperture of 
integrating sphere is ~18mm. Thereby, the collection angle of 
the integrating sphere for light coming from the interface silica–
air is 55º–60º with regard to the normal. Therefore, the collected 
intensity (coming out of the sample–silica interface) must come 
from angles less than 30º (with respect to the perpendicular to 
the cell surface), due to the light refraction at the output 
interfaces sample-silica and silica−air. 
 
Figure S 1. Schematic diagram of the experimental setup for 
determination of transmission coefficient, L1 and L2, lens; PH, pinhole; 
F+F, cell consisting of two optical flat (fused silica) mounted on a 
translation stage; IS, integrating sphere is placed in contact with the back–
cell; OF, optical fiber to collect the light in the spectrometer. A He-Ne 
laser beam with perpendicular polarization with regard to the incidence 
plane is introduced at different incidence angles, , with regard to the 
normal incidence (0º, 30º, 60º, 70º), which correspond to incidence angles 
into the sample of 0º (0 mrad), 19.07º (333 mrad), 34.47º (600 mrad) and 
37.89 (661 mrad), respectively. 
The total intensity (T(d)) that is collected can be expressed by the 
equation S1.  is the collection angle with respect to the 
perpendicular to the cell surface, 1 is the maximum collection 
angle and f() is the angular dependence of the transmitted 
intensity. For an ideal case, 1 is 90º (almost all scattered power 
is collected), however, in our case, 1 is ~30º as stated above. 
From the equation S1, the quadratic decay of T(d) can be 
determined if it would be integrated over all angles (0º–90º). 
𝑇(𝑑) = 𝛽∗(𝑑0 + 𝑑)
−2 [2∫ 𝑓(𝜗)𝑑𝜗
𝜗1
0
] S1 
𝛽 = [2∫ 𝑓(𝜗)𝑑𝜗
𝜗1
0
] 𝛽∗ 
 
S2 
If  is defined as in S2, it implies that  values must be equal for 
both cases: ideal (0º–90º) and our collection (0º~30º). Notice 
that, for d>>d0, T1(d)=T90(d)=/d. However, for ideal 
collections d0 must approximately satisfy the relationship S3. 
Notice that, for d=0, T1(0)= /(d01) and, for ideal case 
(1=90), T90(0) must tend to unity. T30º(0) can be expressed by 
the equation S4, where 𝑇∥(𝜗) and 𝑇⊥(𝜗) are the transmission 
coefficients at the silica–air interface for parallel and 
perpendicular polarizations, respectively. Thereby, 
T30(0)40/90, where 40º is the angle of total internal reflection 
at the silica–air interface. 
𝑑0
90° = 𝑑0
30° × √𝑇30°(0) S3 
𝑇30°(0)
= ∫ (
𝑇∥(𝜗) + 𝑇⊥(𝜗)
2
)
~30°
0
× 𝑐𝑜𝑠 𝜗 𝑑𝜗 ≈ 0.45 − 0.5 ≈
40°
90°
 
S4 
In this way, for the configuration used in our experiment, 
T(d→0;) should tend to be around 0.45–0.5 for depth=0, which 
corresponds approximately to the value observed in the 
experiments. For incident angles of 60º and 70º, the transmission 
coefficient tends to be values appreciably lower than expected, 
which is the result of the losses of intensity by the reflection at 
the input interface air–silica (light entering the cuvette). 
Propagation experiment 
The intensity structure of a probe beam was studied after 
propagating a distance of ~2.3 mm through the samples. Figure 
S2 shows a schematic diagram of the experimental setup for this 
study. The linearly polarized probe beam (He–Ne laser) was 
passed through a positive lens L1 (200 mm focal length) in order 
to obtain the focus with its waist near the pinhole PH (600μm 
diameter). Another lens, L2 (38 mm focal length), was positioned 
250 mm away from PH, in order to focus the beam on the cell, 
CV. The spot size on the input face of the sample is less than 
100m. Neutral density filters were used to attenuate the beam 
intensity (He–Ne). The cell consisted of two optical flats (fused 
silica, 3.2 mm thickness) separated by 2.3 mm. In order to 
reduce the stray light, a metallic film with an aperture of 5 mm 
diameter, through which the probe beam enters, is placed on the 
substrate at the silica–sample input interface. A CCD camera 
collected the images of probe beam at the output face. The probe 
beam was introduced at incidence angles of 0º, 30º, 60º and 70º. 
The beam polarization is perpendicular to the incident plane. In 
order to obtain meaningful statistics, a total of 30 images, 
collected for different input point and intensities, were recorded 
for each incidence angle. The integrated intensity profiles 
(I()=I(x,y)xy) were determined for each incidence angle . 
For negligible absorption, the ratio of I(0)/I() must correspond 
to G(∞;) after correction of the losses of intensity by the 
reflection at the air–silica input interface. When d→>>d0, the 
asymptotic value of the relative conductance G(∞;) is 
approximately equal to the I(0)/I() ratio, since 
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𝑙𝑇(𝑑;0°)
𝑙𝑇(𝑑;𝜃)
=
𝛽(0°)
2(𝑑+𝑑0(0°))
𝛽(𝜃)
2(𝑑+𝑑0(𝜃))
≈
𝛽(0°)
𝛽(𝜃)
; 
𝐼(0°)
𝐼(𝜃)
≈
𝑇(𝑑→∞;0°)
𝑇(𝑑→∞;𝜃)
≈
𝛽(0°)
𝛽(𝜃)
.  
 
Figure S 2. Schematic diagram of the experimental setup for 
determination of the intensity profile after propagating through samples. 
L1 and L2, lens; PH, pinhole; CV, fused silica cuvette of ~2.3 mm optical 
pathlength; CCD camera; NDF, neutral density filter. At different angles 
of incidence,  (0º, 30º, 60º, 70º), a He–Ne laser beam is introduced with 
perpendicular polarization with regard to the incidence plane.  
For comparison, the propagation experiment was also performed 
for a sample in the diffusive regime with lower [NPs]=[14x1010 
NPs ml-1]. As was expected, both the integrated intensity (I()) 
and effective width (ωeff) are insensitive to the incidence angle. 
This is because the transport of light in the diffusive regime must 
be insensitive of the angle of incidence. 
Absorption measurements  
Figure S3a shows a schematic diagram of the experimental setup 
for the measurement of the macroscopic absorption length (lMA) 
at different angles of incidence. The laser beam (He–Ne) was 
passed through a positive lens L1 (200 mm focal length) in order 
to obtain the focus near the sample surface (silica–sample input 
interface). The cell consisted of two optical flats (fused silica, 3.2 
mm thickness), F, joined in a wedge and, therefore, the slab 
thickness depends on the height of the laser beam focus at the 
cell. 
 
Figure S 3. a) Schematic diagram of the experimental setup for ITC(d) determination as a function of slab thickness (d) for a very small detection solid angle. L1 
and L2, lens; F+F, cell consisting of two optical flat mounted on a translation stage; PH1 and PH2, pinholes; OF, optical fiber to collect the light in the 
spectrometer. A He–Ne laser beam with perpendicular polarization with regard to the incidence plane is introduced at different incidence angles, , with regard to 
the normal incidence (0º, 30º, 60º, 70º). b–e) transmission curves for incidence angles of b) 0º, c) 30º, d) 60º and e) 70º. The black, red, blue and green lines 
represent the fitting with an exponential function exp(–d/lMA) for the respective incidence angle. lMA values are displayed in each figure, showing to be insensitive 
to the incidence angle. f) Experimental setup for FAP measurement as a function of the incidence angle. The He–Ne laser is polarized perpendicular to the 
incident plane by a polarizer (P) and reflected by a beam splitter (BS) onto the sample (CV), which is mounted on a rotation stage (RS). The samples (CV), with 
and without dye, were rotated horizontally 30º, 60º and 70º; BD, beam dump; OF, optical fiber to collect the backscattered light in the spectrometer. g) Left–
black and right–red represent leO and FAP values, respectively, measured for [14x10
10 NPs ml–1] (dots) and [140x1010 NPs ml–1] (squares), as a function of the 
incidence angle. 
In order to measure the absorption, the transmitted intensity 
(ITC(d)) for large d was measured as a function of slab thickness 
for four different angles of incidence (0º, 30º, 60º and 70º), using 
a very small solid detection angle. The laser spot size on the cell 
was <0.5 mm. In order to collect a very small solid angle, a 
pinhole PH1 (600μm diameter) was positioned 20 mm away 
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from the cell. Another pinhole, PH2 (1200μm diameter), was 
also positioned 80 mm away from PH1. Yet another lens, L2 (50 
mm focal length), allowed for focalization onto the optical fiber 
(OF). The multimode optical fiber (200 μm) was coupled to a 
spectrometer HR4000 UV-VIS (Ocean Optics) with a 0.36 nm 
spectral resolution (FWHM). Notice that, for a very small solid 
detection angle and large d, transmitted intensity should decay 
exponentially, exp(−d/lMA). In order to reduce the stray light, the 
fused silica plates (50 mm diameter) that form the wedge 
cuvette, were glued with opaque silicone glue. The stray light 
has been measured for all samples at large slab thickness (~1–2 
order lower than signal), and it was subtracted from the ITC signal 
for each incidence angle. Figure S3 b–e show the exponential 
decay of the transmitted intensity at large d for incidence angles 
of 0º, 30º, 60º and 70º, respectively. From its inverse slopes, we 
obtain the macroscopic absorption length (lMA). As can be 
observed (figure S3 b–e), lMA remains approximately constant 
(lMA104 ±2 m) as the incidence angle is increased, which 
means that the macroscopic absorption (for large d) is insensitive 
to the incidence angle. In order to study the dependence of 
conductance (localization) and absorption near the input border 
with the incidence angle, FAP measurements were performed as 
a function of the incidence angle by introducing 1.5x10-4M of 
dye (Nile blue) in the scattering medium. A He–Ne laser (633 
nm) with perpendicular polarization with regard to the incidence 
plane is used. The samples (CV), with and without dye, were 
rotated horizontally 30º, 60º and 70º with respect to the normal 
incidence. The incident light, reflected by the samples, was 
measured with and without dye (Nile blue). We designated the 
ratio between the intensities reflected by the scattering medium 
with and without dye as the fraction of absorbed pumping 
(FAP). In this case, the dye acts as a "witness" that allowed us to 
estimate the average path length of the photons inside the sample 
before being backscattered. For this dye concentration, a 
microscopic absorption length la(Nib)=335 m was measured, 
which must correspond approximately to a macroscopic 
absorption length of, 
lMA(dye)=(lT0la(Nib)1/3)(0.86m335m1/3) ≤10m, 
for the incidence angle of 0º. In this way, from this FAP 
measurement, we can estimate the dependence with the 
incidence angle of leO and absorption near the input border (≤10 
m depth). leO is defined as the average photon path length 
inside the scattering medium before being backscattered. leO can 
be expressed as leOla(NIB)ln(FAP) [27,43,44]. For this calculus, 
we did not take into account the enhancement absorption factor 
(0) by localization [6]. 
Figure S3f shows the experimental setup for the FAP 
measurement as a function of angle of incidence (0º, 30º, 60º and 
70º). The samples (with and without dye) are illuminated 
through a beam splitter (BS). The light backscattered is collected 
by a multimode optical fiber (200 μm), OF, coupled to a 
spectrometer HR4000 UV–VIS (Ocean Optics) with a 0.36 nm 
spectral resolution (FWHM). Figure S3g shows, for [140x1010 
NPs ml-1] (localization), the increase of leO (left–black squares) 
and FAP (right–red squares) as the incidence angle is increased, 
which represents an increase of the average photon path length 
and absorption near the input border. For comparison, FAP 
measurements were also performed for a sample in the diffusive 
regime with lower [NPs]=[14x1010 NPs ml-1]. Figure 3Sg shows 
that leO (left–black dots) and FAP (right–red dots) values in the 
diffusive regime are insensitive to the incidence angle. We must 
highlight that at lower nanoparticles concentration the 
macroscopic absorption length is: 
lMA(dye)=(lT0la(Nib)1/3)(13.6m335m1/3)39m, 
which represents a depth of analyses higher than at [140x1010 
NPs ml–1]. lT0=13.6 m was measured in our previous work [6]. 
Measurement of the coherent backscattering cone 
The coherent backscattering cones were measured for incidence 
angles of 0º, 30º, 60º and 70º. The experimental setup used to 
this end is shown in figure S4. The linearly polarized laser beam 
(He–Ne) was passed through a positive lens L1 (200 mm focal 
length) in order to obtain the focus with its waist near the pinhole 
PH (600μm diameter). Another lens, L2 (150 mm focal length), 
was positioned 150 mm away from PH (focal length) in order to 
collimate the beam on the cell, CV. The sample is illuminated 
through a beam splitter that reflects 50% of the laser intensity. 
The backscattered light is collimated by a lens L3 (25 mm focal 
length) and a CCD collects it. Neutral density filters were used to 
attenuate the beam intensity (He–Ne). The cell is composed of 
two fused silica optical flats (6 mm thickness). In order to 
average out the speckle pattern, the collection time was 500 
seconds, which is enough for particle diffusion in the suspension. 
To collect the coherent backscattering cone at different angles of 
incidence, the sample was rotated horizontally 30º, 60º and 70º, 
which are equivalent to 523mrad, 1047mrad and 1222mrad, 
respectively. For an incidence angle of 0º, the sample was 
slightly tilted (horizontal) to keep the specular reflection from 
reaching the detector. The beam polarization is perpendicular to 
the incidence plane, which is the same polarization used in the 
transport and absorption measurements. The reflection 
coefficients for 0º, 30º, 60º and 70º are ~3.5%, ~5%, ~16% and 
~28%, respectively. Owing to light refraction at the interfaces 
air–silica and silica–sample, the incidence angles into the sample 
are 0º (0 mrad), 19.07º (333 mrad), 34.47º (600 mrad) and 37.89 
(661 mrad). The red solid lines in the figures 3a, b, c and d 
represent the background intensity of backscattering, which was 
determined taking into account the internal reflection at the 
silica–air interface (Fresnel’s equations). Owing to the low 
contrast of refractive index, felt by the incoherently 
backscattered photons, at the sample–silica interface (1.53–1.45), 
the internal reflection at this interface was neglected. The 
multiple–backscattering background must be totally depolarized. 
Therefore, the background intensity was fitted through the 
equation S4. 
(
𝑅𝐶∥(𝜗) + 𝑅𝐶⊥(𝜗)
2
) ×
𝑐𝑜𝑠 𝜗
𝑐𝑜𝑠(𝜃)
× 𝐼0 
S4 
 
Where 𝑅𝐶∥(𝜗) , 𝑅𝐶⊥(𝜗) , , () and I0 are the reflection 
coefficients at the interface silica–air for the parallel and 
perpendicular polarization, the horizontal collection angle, the 
incidence angle (0º, 30º, 60º, 70º) and a constant that is 
associated to the incidence intensity (determined by the 
incidence angle), respectively. The intensity of backscattered 
light was scaled by the reflection coefficients for each incidence 
angle at the air–silica input interface (light entering the cuvette), 
which are ~3.5%, ~5%, ~16% and ~28% for 0º, 30º, 60º and 70º 
respectively. The intensity of backscattering cones was also 
rescaled by the internal reflection at the silica–air interface 
(photons coming out the cuvette in the exact opposite direction). 
To this end, we considered the classical refractive index of silica 
(1.45) and, clearly, a perpendicular polarization to the incidence 
plane. 
The effective internal reflection (for the coherently backscattered 
photons) for the incidence angle of 0º was calculated through the 
Fresnel’s equations considering that the coherently backscattered 
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photons feel an effective refractive index of 2 near the input 
border (~3% internal reflection) [6]. Notice that, the proposed 
increase in the effective refractive index is connected with the 
known Kramers–Kronig relations, since the enhanced 
absorption coefficient, FF0(), can be expressed as: 
FF0()00(). Owing to the transport of light, measured in 
our previous work [6], which is approximately similar for a 
broad range of frequencies (532 nm to 633 nm), we considerate 
an enhanced absorption factor approximately constant in . 
Thereby, neff0(0)=1+0(neff(0)−1), where neff(0) is the classical 
refractive index. 
 
Figure S 4. Experimental setup for determination of the coherent 
backscattering cone, L1, L2 and L3, lens; PH, pinhole; BS, beam splitter; 
CV, cuvette of 2 mm optical pathlength; CCD camera; BD, beam dump. 
The sample (CV) was rotated horizontally 30º, 60º and 70º with respect to 
the normal incidence, which correspond to incidence angles into the 
sample of 0º (0 mrad), 19.07º (333 mrad), 34.47º (600 mrad) and 37.89 
(661 mrad), respectively. The backscattered intensity was measured as a 
function of the horizontal collection angle. 
From an effective internal reflection for the normal incidence 
IR(0º)≈3%, we can estimate the absolute intensity of 
backscattering cone before being reflected at the interface 
sample–silica (I*CBC). Consequently, IR() for incidence angles 
of 30º, 60º and 70º, can be determined by a simple mathematical 
relation IR()=1−ICBC()/I*CBC, where ICBC() is the measured 
intensity of backscattering cone for each incidence angle . The 
effective internal reflection undergone by the coherently 
backscattered photons, IR(0º)≈3%, IR(30º)≈20%, IR(60º)≈45% 
and IR(70º)≈65%, is considerably higher than the specular 
reflection measured for the photons that enter the sample (<1%) 
in the exact opposite direction. This indicates a non–reciprocal 
propagation of light, i.e. mirror–symmetry (parity symmetry) 
breaking. Notice that this large increase in the effective internal 
reflection undergone by the photons leaving the sample 
(coherently backscattered) would only be possible if the effective 
refractive index felt by these photons is largely enhanced. For a 
classical refractive index (1.53), the internal reflection for the 
photons leaving the sample (sample–silica interface) would be 
<1% for both polarizations and all incidence angles. Notice that 
for incidence angles  of 0º, 30º, 60º and 70º, the effective 
incidence angles for the coherently backscattered photons at the 
interface sample–silica correspond to 0º, 19.07º, 34.47º and 
37.89º, respectively. 
The transport mean free path was extracted from the half angle 
of the backscattering cone (figure 3g, right) [50]. A simple 
model for internal reflection was taken into account for 
correction of the transport mean free path, considering the 
effective refractive index for depth near zero (lT0) [51,52]. In 
order to estimate the internal reflection, different effective 
refractive indexes were estimated for each incidence angle. The 
effective refractive index for each incidence angle for depth near 
zero (neff0()) were calculated by the equation S6. 
𝑛𝑒𝑓𝑓0(θ) = 1 + (𝑛𝑒𝑓𝑓 − 1)𝛾0(θ) S6 
Where 0() would be the enhanced absorption factor for each 
incidence angle  for depth near zero. neff is equal to 1.53. 0() 
are estimated by the equation S7. 
𝛾0(θ) = 𝛾0 × 𝐺(∞; θ) S7 
Where G(∞;) are the asymptotic values of relative conductance, 
extracted by the transmission and propagation experiments 
(figure 1c and 2a), for each incidence angle . Notice that for 
negligible absorption, G(∞;) values would represent the 
enhancement factor of localization for depth near zero for each 
incidence angle . Table SI shows the asymptotic value of 
relative conductance (extracted from the propagation 
experiment), the enhanced absorption factor for depth near zero 
(determined by equation S7), the effective refractive index 
(determined by equation S6) and lT0 extracted from the half 
angle of backscattering cone and corrected by the internal 
reflection, for incidence angles of 0º, 30º, 60º and 70º.  
Table S I. For each incidence angle  (0º, 30º, 60º and 70º): asymptotic value of relative conductance (G(∞;)), The enhanced 
absorption factor (0()) and the effective refractive index (neff0()) for depth near zero, and the transport mean free path corrected 
by internal reflection considering the effective refractive index neff0(). 
 G(∞;) 0() neff0() Half angle CBC (mrad) lT0 (m) 
0º 1 1.84 1.98 54 0.86 
30º 1.06 1.95 2.03 67 0.71 
60º 1.17 2.15 2.14 96 0.48 
70º 1.28 2.35 2.25 140 0.32 
As can be observed in figure 3f, lT0 tends to be zero when the 
effective internal reflection IR(%)→100%, which would be 
congruent. We must highlight that the correction of internal 
reflection has been carried out according to the formalisms 
described by et. al [51] and Zhu et. al [52] for diffusive regime. 
However, at localization a more complex phenomenon could 
take place, which would require a new theoretical approach for 
lT0 correction by the internal reflection. Additionally, the neff0() 
correction and, consequently, lT0 values, could be potentially 
affected by inaccurate values of relative conductance, which in 
turn would be affected by absorption near the input border. 
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